ABSTRACT The Argentine ant, Linepithema humile (Mayr), is native to South America and invasive in many parts of the world, including North America. Various morphological forms of L. humile exist in South America, and it is possible that some forms may comprise distinct species. In Brazil, L. humile is reported to be attacked by parasitoids in the genus Pseudacteon (Diptera: Phoridae). If Pseudacteon parasitoids attack the invasive form of L. humile, they may be candidates for biological control of this ant. We compared body size, scape length, and pronotal pilosity among populations of L. humile that were attacked by parasitoids and those that lacked parasitoids. Ants that hosted parasitoids at foraging trails in Brazil tended to have more pronotal hairs and shorter scapes than ants that did not host parasitoids in Brazil, Argentina, and North America. We used paired experimental trials to determine whether phorid parasitoids exhibit narrow host speciÞcity or whether they will attack the invasive form of L. humile if given the opportunity. Parasitoids located their natural host form but did not locate either North American L. humile or morphologically similar ants from Brazil. Together these results suggest that various forms previously treated as L. humile are in fact separate species, that L. humile is not a natural host of the parasitoids studied here, and that these parasitoids are not candidates for biological control of Argentine ants in North America.
THE ARGENTINE ANT, Linepithema humile (Mayr)Ñfor-merly Iridomyrmex humilisÑis native to South America and is invasive in many parts of the world (Bond and Slingsby 1984, Cole et al. 1992) including North America (Newell and Barber 1913) . In its introduced ranges, it has spread widely and displaced native ant species (Erickson 1971; Ward 1987; Cole et al. 1992; Holway 1995; Human 1996; Holway 1998 Holway , 1999 . In South America, various morphological forms have been treated as L. humile (Santschi 1929 , Borgmeier 1938 , Orr and Seike 1998 . However, some of the ants considered in previous studies to be forms of L. humile may instead be distinct species. For instance, repeat visits to some of our Þeld sites in South America indicate that some forms of L. humile consistently host parasitoid ßies in the genus Pseudacteon (Diptera: Phoridae), whereas other forms do not (M. O., personal observation). Although the presence of parasitoids may vary because of environmental or seasonal factors (Feener 1988 , Morrison et al. 1999 , it also is possible that the parasitoids are host speciÞc and ants previously treated as forms of L. humile are instead distinct species.
The Þrst reported attack of Linepithema humile by phorid parasitoids in its native range in Brazil was in the 1930s (Borgmeier 1938 (Borgmeier , 1968 . Experiments at the site used by Borgmeier (1938) , as well as other sites in Brazil, indicated that L. humile abandons food resources and returns underground in the presence of phorids (Orr and Seike 1998) . Responses such as these have raised the idea that phorids might be useful for biological control of invasive ants (Feener 1981 , Feener and Brown 1992 , Orr et al. 1995 , Porter et al. 1995 . If phorids are to be considered for biological control of L. humile, it is important to show that they attack the invasive form of L. humile.
In this study we searched for parasitoids at foraging trails of L. humile in southeast Brazil, southwest Brazil, and northern Argentina. We tested whether morphological characters distinguish ants that host parasitoids at foraging trails from ants that did not. Finally, we used host speciÞcity experiments to determine whether South American parasitoids attack the form of L. humile that is invasive to the United States.
Materials and Methods
Ant Collections and Phorid Surveys. The sites where we collected ants and searched for parasitoids are listed by site, state, country, and latitude/longitude in Table 1 . Ants collected in the United States were dug from shallow nests in 1998. Because of population bottlenecks associated with the invasion of L. humile (Tsutsui et al. 2000) , we infer that the two populations from California studied here (Table 1) are closely related to populations found across the rest of North America.
Studies in Argentina were performed in the states of Buenos Aires and Entre Rios in February 1999. At each of the sites, tuna baits were placed in the Þeld at 5-m intervals and left for 60 min. If L. humile recruited to any bait, then all baits were left for an additional 30 min. We chose this time interval because in a previous study parasitoids arrived at Ͼ90% of L. humileÕs foraging trails within 90 min during times of year that parasitoids were abundant (Orr and Seike 1998) . L. humile recruited to baits at Þve sites (Table 1) , where the number of baits recruited to out of the total number left in the Þeld were as follows: Costanera, 11 of 33 baits; Otamendi, 24 of 31 baits; Ceibas, 2 of 55 baits; Palmar, 2 of 55 baits; Diamante, 46 of 51 baits. Ants were collected from one foraging trail at each site.
In Brazil, ants were studied at three sites in the states of São Paulo and Mato Grosso do Sul (Table 1) . At all three sites, we have conducted studies of L. humile and phorid behavior over extended periods (1Ð3 mo from October 1996 through December 1999). Our assessment of phorid presence/absence at these sites is based on these previous studies: any form seen to be attacked by parasitoids at any time was considered to host parasitoids. Collections of ants at each site were made as follows. At Passo do Lontra, L. humile were collected from each of three locations along a roughly linear transect from the Base de Estudos do Pantanal to an open seasonally inundated area Ϸ600 m from the base. At Serra do Japi, two forms of L. humile were collected along a 400-m stretch of road. One form appeared larger and usually was darker than the other. For each form, collections were made at each of three tuna baits separated by 30 Ð50 m. At Monte Verde, ants were collected from two locations separated by Ϸ1 km. Ants at Monte Verde that did not host phorids (Orr and Seike 1998) were not collected. Specimens were deposited at the Museu de Zoologia, Universidade de São Paulo, Brazil.
Ant Morphology. Head width and scape length were measured in 10 ants from each collection (above) using a dissecting microscope and stage micrometer with a digital readout to thousandths of a millimeter. Head width was compared using analysis of variance (JMP Start Statistics, SAS Institute, 1997).
Scape length was compared between ants that hosted parasitoids and ants that did not using analysis of covariance to control for effects of body size, with HEAD WIDTH as the covariate, the presence or absence of parasitoids (ϮFLY) as the Þxed effect, and a Ϯ FLY * HEAD WIDTH interaction term. The number of long (0.05Ð 0.13 mm) hairs on the anterior pronotum also were counted, and compared between host and nonhost ants using a MannÐWhitney U test.
Host Specificity. A total of Þve host speciÞcity experiments were performed at three sites in Brazil: Passo do Lontra, Monte Verde, and Serra do Japi. In the Þrst three experiments, parasitoids were presented a choice between the L. humile form that hosted a phorid at that site (Linepithema HOST) and the form of L. humile from Passo do Lontra that was not visited by phorid parasitoids at foraging trails (Linepithema TEST). The latter form was chosen for these experiments because it was the Brazilian L. humile that was morphologically most similar to the invasive form (see Results). The fourth and Þfth experiments were performed at Serra do Japi, and used the natural L. humile host form at Serra do Japi (Linepithema HOST) and L. humile imported to Brazil from Berkeley, CA (Linepithema TEST).
The parasitoids in these trials were P. pusillus Borgmeier at Serra do Japi and Monte Verde, and an undescribed Pseudacteon species (hereafter Pseudacteon sp.) at Passo do Lontra. P. pusillus attacks L. humile (Borgmeier 1938) . Pseudacteon sp. attacks an ant tentatively identiÞed as L. piliferum (A. Wild, personal communication 2000), which we had previously considered a form of L. humile (Orr and Seike 1998) .
Except in one experiment, which used crushed ants (see below), live ants were presented in open-topped plastic trays that had their walls coated with Fluon (Northern Products, Woonsocket, RI) to prevent ants from escaping. Trays were presented in pairs, with Linepithema HOST in one tray and Linepithema TEST in another. Fresh ants were used in each experiment to control for a possible lack of independence between replicates caused by an attractive effect of attacked ants. Parasitoids were counted for 5 min, starting when the Þrst individual descended into the bottom of a tray and hovered closely (Ͻ2 cm) above the ants. A sign test was used to compare the frequencies with which Tests at Passo do Lontra. Test done at Passo do Lontra were conducted in September 1999. In trials with Ͼ300 ants per tray, trays were 24 by 17 by 7.5 cm. Ants were allowed to hide under a dark 7-cm-diameter cup, which covered a small piece of moistened plaster. When a large number of ants were underneath the cup, it was removed and placed over an identical piece of moist plaster at the other end of the tray, which caused the ants to move and exposed them to parasitoids. In trials with fewer than 150 ants per tray, circular arenas (8 cm diameter by 4 cm high) with a moistened plaster ßoor were used. Paired replicates were placed in the Þeld at various distances (1Ð 8 m) from one another. If no phorid arrived within 15 min, pairs were moved to a new location at least 10 m from the original spot.
Tests at Monte Verde. Test at Monte Verde were conducted in November 1999 at three locations, each Ϸ1 km apart. Trays were circular arenas (10.5 cm diameter by 4 cm high) with moistened plaster bases. Approximately 100 ants were used in each tray. During these experiments, parasitoid densities at Monte Verde were lower than in previous studies at this site (Orr and Seike 1998) . If no parasitoids arrived within 15 min, a single large ant from the genus Camponotus was placed in each tray with the hope that chemicals released by Linepithema during aggressive interactions with Camponotus would accelerate phorid attraction. If no parasitoids arrived within 40 Ð50 min, the pair of trays was moved to a nearby location.
Tests at Serra do Japi. Tests at Serra do Japi using Linepithema TEST collected at Passo do Lontra were conducted in December 1999 with freeze-killed ants along a 250-m stretch of road. One hundred individuals of each form were put into a Þlter paper envelope (3 by 5 cm) and wrapped in cellophane. At the site of the experiment, envelopes were ground with mortar and pestle, the cellophane was opened and discarded, and the closed envelopes were placed on a glass petri dish (9 cm diameter). Paired petri dishes, each containing one of the forms, were placed 40 cm apart. In three trials, the experiment was concluded after 10 min. In the remaining 12 trials, the paper envelopes were opened at 10 min and left for another 10 min with the ants stuck to the underside of the opened envelope. In one trial, ßies arriving within 5 cm of the dish were collected in an aspirator. In all other trials, petri dishes were covered with small traps fashioned from the upper third of a 1-liter plastic soda bottle, with a 3-cm gap between the upper edge of the petri dish and the bottom of the trap. Flies arriving over the petri dish ascended into a collecting container at the top of the trap.
Experiments using live Linepithema TEST from Berkeley, USA. These experiments were conducted at Serra do Japi in April 2000. Trays used were the same as at Monte Verde (above), and were placed 5 m apart.
In the choice experiment, Linepithema TEST and Linepithema HOST were presented simultaneously, as described for other experiments above. In the no-choice experiment, Linepithema TEST and Linepithema HOST were presented sequentially instead of simultaneously. If, for instance, Linepithema HOST was presented Þrst, then after 60 Ð90 min, trays were covered and removed and Linepithema TEST was presented for an equal time. In both choice and no-choice experiments, 5Ð10 replicates were performed at once, with each tray checked every 5 min for parasitoids. Figure 1 shows which forms of L. humile attracted (open circles) or did not attract (dark circles) parasitoids at foraging trails in the Þeld. Head width differed signiÞcantly among colonies (F ϭ 21.4; df ϭ 17, 162; P ϭ 0.0001), but no consistent differences in head width were evident between ants that attracted parasitoids and ants that did not (Fig. 1) . Ants attacked by phorids had more pronotal hairs (0.77 Ϯ 0.9) than ants that were not attacked by phorids (0.17 Ϯ 0.53; Z ϭ Ϫ5.4, P Ͻ 0.0001), but this pattern was not consistent. For example, workers from one of the colonies collected at Monte Verde lacked pronotal hairs and were attacked by phorids, whereas ants from Palmar had pronotal hairs but were not attacked (Fig. 1) . Scape lengths of ants that hosted phorids were signiÞcantly different from scape lengths of ants that did not (Fig.  2) , but overlap existed.
Results
Parasitoids had no difÞculty distinguishing HOST from TEST ants ( Table 2) . Only one parasitoid arrived at any of the trays containing Linepithema TEST (Table 2); it was observed hovering brießy over a tray, but did not attack any ants. 
Discussion
Linepithema humile, the Argentine ant, is not a natural host to the parasitoids studied here. This conclusion is based on two lines of evidence. First, L. humile collected in North America were more similar to the South American ants that did not attract Pseudacteon pusillus and Pseudacteon sp. than to the ants that attracted parasitoids ( Figs. 1 and 2 ; Table 2 , rows 1Ð3). Second, the parasitoid P. pusillus did not locate North American L. humile when given the opportunity during speciÞcity trials in the Þeld (Table 2, rows 4 Ð5).
The parasitoid preferences found here indicate that South American L. humile comprise at least two species, one which hosts P. pusillus at Serra do Japi and Monte Verde and another which did not host parasitoids at Passo do Lontra and at all sites in Argentina. It is possible that in addition to this the two forms that hosted P. pusillus at Serra do Japi may be different species. Further study is required to determine the total number of species that exist within this complex.
Phorid parasitoids of ants commonly have a narrow host range (Disney 1994) . Host speciÞcity experiments have been used to conÞrm associations in at least one other system. A number of Pseudacteon species which attack the ant Solenopsis invicta Buren seldom attack S. geminata Forel in cages in the laboratory Morrison 1997, Porter and Alonso 1999) . One parasitoid of S. invicta, P. curvatus Borgmeier, attacked S. geminata, but no adult ßies emerged .
Pseudacteon pusillus can be encouraged to attack the invasive form of L. humile under certain circumstances. When we placed P. pusillus in a small cage together with the invasive form of L. humile in the Fig. 2 . Scape length plotted against head width for L. humile from North America, Brazil, and Argentina. Open symbols denote ants that hosted parasitoids and Þlled symbols denote ants that did not host parasitoids. Ants without parasitoids had signiÞcantly longer scapes than ants with parasitoids (F ϭ 24.1; df ϭ 1, 176; P Ͻ 0.0001). The signiÞcance of this result may have been increased by a signiÞcant Ϯ FLY * HEAD WIDTH interaction (F ϭ 12.0; df ϭ 1, 176; P Ͻ 0.0007). In the legend, "ARG, Palmar" denotes ants from Palmar, Argentina, a population that did not have parasitoids but which had pronotal hairs; S and L denotes large and small forms that hosted parasitoids in Brazil (see top panel of Fig. 1). laboratory, 10 out of 112 (9%) of the parasitoids attacked. In the Þeld, both P. pusillus and Pseudacteon sp. attacked the invasive form of L. humile when it was placed in a tray with the natural host. These observations indicate that cues used by phorids to locate hosts may not prevent them from attacking nonhost ants once they are in very close proximity. Therefore, host speciÞcity experiments performed in small cages in a laboratory may underestimate phorid speciÞcity by removing oviposition barriers associated with host location. The strong host-location preferences that parasitoids exhibited in our Þeld experiments suggest that occasional attacks of the invasive form under artiÞcial or unusual circumstances are mistakes, and, as with P. curvatus that attack S. geminata , adult ßies are unlikely to emerge.
Our study tentatively suggests that the invasive L. humile may lack phorid parasitoids altogether. If so, there is no clear explanation why. Although host body size may set some lower limit on the resources available for phorid pupal development , the nonhost ants studied here were larger than many of the ants that hosted phorids (Fig. 1) .
One hypothesis for the absence of phorids around the invasive form is that these ants, like the North American population, entered the South American sites studied here from somewhere else, and in doing so left an unknown phorid species behind. All South American populations without phorids in our study inhabited the same river drainage, which extends from Buenos Aires, a port and a plausible site of introduction, to Passo do Lontra in Brazil. Therefore, a single introduction with subsequent spread through the river drainage would be sufÞcient to explain their presence at these sites. However, populations of L. humile within this drainage exhibit much greater genetic diversity than invasive populations in the United States (Tsutsui et al. 2000) , which indicates that they have been established for a long time. If these ants are outside of their native range, then the genetic evidence suggests that their spread through South America must have preceded their spread in North America by a considerable amount of time.
Another possibility for the absence of phorids around the invasive form is that its parasitoids were inactive during our brief observations in Argentina. Phorid parasitoids, including those that attack Linepithema have been found to exhibit strong seasonal variability in abundance (Feener 1988 , Orr and Seike 1998 , Morrison et al. 1999 . However, our Þeld observations at Passo do Lontra included 3 mo of Þeld observations over 4 yr, and we never saw a parasitoid around the invasive form at this site even though parasitoids of L. piliferum always were common. Moreover, there exist no reports of phorid parasitoids attacking L. humile in other Þeld observations made in Argentina (Gallardo 1912; Suarez et al. 1999) .
Since the parasitoids studied here do not attack L. humile in its native range, their absence in North America cannot explain the Argentine antÕs success there. To date, the only clear explanation for the antÕs invasive success is that its decreased genetic variation in North America (Tsutsui et al. 2000) limits intercolony conßict and thereby reduces the tendency for this ant to self-regulate its populations via intraspeciÞc competition . Host-speciÞc natural enemies of the invasive L. humile, if they exist, have yet to be discovered. Linepithema HOST is the form that naturally hosted a parasitoid at the site where an experiment was performed. Linepthema TEST is either from Berkeley, USA, or is the form that did not attract parasitoids to foraging trails at Passo do Lontra. Study site abbreviations are as follows: PL ϭ Passo do Lontra; MV ϭ Monte Verde; SJ ϭ Serra do Japi. Bold numbers show number of paired replicates in which the HOST or the TEST tray attracted more parasitoids. Numbers in parentheses show total number of parasitoids attracted. Parasitoids always were more common at the tray with the natural host form (*, P Ͻ 0.05; ***, P Յ 0.0001). Experiments in the third row used crushed ants; the other experiments used live ants. The parasitoid at Passo do Lontra was an unknown Pseudacteon parasitoid of L. piliferum; the parasitoid at Monte Verde and Serra do Japi was P. pusillus. 
